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Abstract

The dgorithm for operationd retrieva of atmaospheric temperature and moisture profiles,
total column ozone, and suface skin temperature from the Moderate- Resolution Imaging
Spectroradiometer (MODIS) longwave infrared radiances is presented. The retrieva dgorithm,
MODQ7_L 2, uses clear-sky radiances measured by MODIS over land and ocean for both day
and night in adatisticd retrieva with an option for a subsequent nonlinear physicd retrievd.
The regression coefficients for the satistica retrieva are derived using afadt radiaive transfer
mode with input taken from a data set of globa radiosondes of atmaospheric temperature,
moisture and ozone profiles. Validation of atmospheric temperature and moisture profiles and
total precipitable water vapor (TPW) is performed by a comparison with data from ground-based
instrumentation at the Atmospheric Radiation Measurement- Cloud and Radiation Testbed
(ARM-CART) in Oklahoma. Comparisons over one year show the operational regression-based
MODIS TPW agrees with the microwave radiometer (MWR) TPW at the ARM-CART gtein
Oklahomawith an RMS of 3.6 mm. For moist cases with TPW greater than 17 mm, the physica
retrieval improves the RMSto lessthan 3 mm. For dry atmospheres (TPW less than 10mm),
both physical and regresson-based retrievals from MODI S radiances tend to overestimate the
moisture. Globa maps of MODIS atmospheric products are compared with the Specia Sensor
Microwave/lmager (SSM/I) moisture and Total Ozone Mapping Spectrometer (TOMS) ozone
products. MODIS temperature, moisture, and ozone products are in genera agreement with the
gradients and digtributions from the other satdllites, while MODI S depicts more detailed

Sructure with itsimproved spatid resolution.



1. Introduction

The development of globd climate and weather models requires accurate monitoring of
atmospheric temperature and moisture as well as trace gases and aerosols. Until recently,
continuous monitoring of changes in these parameters on agloba scae has been difficult. The
M oderate Resolution Imaging Spectroradiometer (MODIS) instrument, launched on December
18, 1999 onboard the Nationa Aeronautics and Space Adminigration (NASA)'s Earth
Obsarving System (EQS) Terra platform, offers anew opportunity to improve globa monitoring
of temperature, moisture, and ozone distributions and changes therein. MODISisa scanning
spectroradiometer with 36 vishle (V1S), near infrared (NIR), and infrared (IR) spectra bands
between 0.645 and 14.235 mm (King et d. 1992). Table 1 summarizesthe MODIS technicdl
specifications and Table 2 lists the MODI S spectra bands. Figure 1 shows the spectral
responses of the MODI S infrared bands in relation to an atmospheric emission spectrum
computed by aline-by-line radiative transfer modd (LBL-RTM) for the U.S. standard
atmosphere.

The wide spectra range, high spatia resolution and near-dally globa coverage enable
MODIS to observe the Earth’ s atmosphere and continuoudy monitor changes. MODIS
retrievas of atmospheric water vapor and temperature are intended to advance a better
understanding of the role played by energy and water cycle processes in determining the Earth's
weather and climate. MODIS temperature and moisture products can be used together with other
satellite measurements in numerical wegther prediction models in the regions where
conventional meteorological observations are sparse. Determination and vaidation of various

land, ocean, and atmospheric products such as sea surface temperature, land surface temperature,



and ocean agrosol properties require temperature and moisture profiles aswell astota ozone at
MODIS spatia resolution as ancillary input.

The advantage of MODIS for retrieving amaospheric profilesisits combination of
shortwave and longwave infrared pectral bands (3 — 14.5mm) useful for sounding and its high
gpatid resolution suitable for imaging (1km at nadir). The increased spatia resolution of MODIS
measurements delinestes horizontal gradients of moisture, temperature, and atmospheric totdl
ozone better than companion instruments such as the Geodtationary Operationa Environmental
Satellite (GOES) sounder (10 km resolution for sngle field of view retrievals), Advanced
Microwave Sounding Unit-A (AMSU-A, 45 km resolution), High-resolution Infrared Radiation
Sounder (HIRS, 19km resolution), and the Atmospheric Infrared Sounder (AIRS, 15km
resolution). However, as MODI S has broadband spectral resolution, there is only modest
information content regarding vertica profiles. Sounder radiances with higher spectra
resolution such as AIRS and CrlS (Cross- Track Interferometer Sounder) of the Nationa Polar
Orbiting Environmenta Satellite System (NPOESS) (http://www.npoess.noaa.gov) contain more
information about the atmospheric verticd digtribution of temperature and moisture.

This paper details the operationd MODIS MODQO7_L 2 dgorithm for retrieving vertical
profiles of atmospheric temperature and moisture, total column ozone burden, and integrated
precipitable water vapor. Theretrievas are performed using clear sky radiances measured by
MODISwithin a5x5 field of view (gpproximately 5km resolution) over land and ocean for both
day and night. A verson of the agorithm is operationa at the Goddard Distributed Active
Archive Center (GDAAC) processing system (http://daac.gsfc.nasa.gov/MODIS). Section 2
decribes the retrieva dgorithm. Section 3 outlines the implementation of the retrieva,

including cloud detection, radiance bias adjustments, the training data set, and atechnique for



eiminating the IR shortwave surface emissvity uncertainty in the retrievas. Section 4 presents
some vaidation of MODIS aimospheric products. A discussion of retrieva errors and other
issues affecting the atmospheric retrieval isin section 5. Section 8 offers some conclusions and

plans for future work.

2. Algorithm Development

The MODIS atmospheric profile agorithm is a Satigtica regresson with the option for a
subsequent norlinear physicd retrievd. The retrieva procedure involves linearization of the
radiative transfer modd and inversion of radiance measurements. To derive the Satistical
regression coefficients, MODI S infrared band radiances are calculated from radiosonde
observations of the atmospheric state, generating cal cul ated radiance/observed atmospheric
profile pairs. Theradiative transfer caculation of the MODIS spectral band radiancesis
performed using a transmittance mode caled Pressure layer Fast Algorithm for Atmospheric
Transmittances (PFAAST) (Hannon et a. 1996, Eyre and Woolf 1988); this modd has 101
pressure level vertical coordinates from 0.05 to 1100 hPa. The calculations take into account the
satdlite zenith angle, absorption by well-mixed gases (including nitrogen, oxygen, and carbon
dioxide), water vapor (including the water vapor continuum), and ozone. Theretrieva

agorithms are developed in this section.

2.1 Radiativetransfer model and itslinearization
If scattering by the atmosphere is neglected, the true clear radiance exiting the earth-

atmosphere system for a given MODI S IR band with center wavenumber n is approximated by

R:eBStS-FéBdt(o,p)+(1- e){cs)Bdt*JfR', @



R, isthe spectra radiance, t (0, p) isthetotal transmittance from top of the atmosphere to the

atmospheric pressure p, e isthe surface emissvity, B isthe Planck radiancewhichisa
2
function of pressure p, subscript s denotes surface, t =t S/ isthe downwdling

transmittance, and R’ represents the contribution of reflected solar radiation in the infrared
region. The reflected infrared solar radiation can be iminated for bands with wavelengths
longer than 4.0 m m during the day.

If the MODI 'S observed radiance R" of each band isknown, then R can be considered
anortlinear function of the atmospheric properties, including the temperature profile, water
vapor mixing retio profile, ozone mixing ratio profile, surface skin temperature, and surface
emissvity. Thetis R" =R (T,q,0,,T,e,.....) +s, (s, istheinstrument noise and other source
of error), or in generd

Y"=Y(X)+s, 2
wherethe vector X contains L (levels of amosphere) atmospheric temperatures, L

amospheric water vapor mixing retios, L atmospheric ozone mixing ratios (the water vapor or

ozoneis expressed as the logarithm of the mixing ratio in practicd applications), one surface

skin temperature, 2 infrared surface emissivities at 909 and 2500 wavenumbers, and Y™ contains

N (number of MODIS spectral bands used) observed radiances.

To linearize EQ.(1) thefirst order variaions dB = 2—$dT and dR :%dTb are used,
define b(p) = B/ . Thelinearized form of Eq.(1) is
1R/ 9Tb

Ps Ps Ps
dTh, =W, dT + g\, dTdp + 3V, d In qdp + YV, d Ino,dp, (3)
0 0 0



where W, W, and W, are the weighting functions (senditivity functions) of the atmospheric

temperature profile, water vapor mixing ratio profile, and ozone mixing ratio profile,
repectively. The weighting functions can be cdculated efficiently from a given amospheric

state (Li 1994, Li et al. 2000):
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Th, isthe brightness temperature for the MODIS IR spectral band with center wavenumber n .
t,andt, arethewater vapor and ozone component transmittance functions, respectively.

Figure 2 shows the temperature weighting functions for the MODIS IR bands 20-25 and bands
27-36 caculated from a U.S. standard atmosphere. Bands 27 and 28 are water vapor absorption
bands; they aso provide information about the atmospheric temperature if thereis enough
moisture in the atmosphere. Bands 33-36 are CO», absorption bands that provide atmospheric
temperature information; they can be used to infer the cloud properties with aknown

atmospheric temperature profile (Frey et d. 1999; Li et d. 2001). The moisture weighting

functionsin Figure 3 show that bands 27 and 28 provide information about the distribution of



moisture in the troposphere, and that the window bands aso provide some moisture information
due to weak water vapor absorption. The weighting functions shown in Figures 2 and 3 were
computed without any contrast between surface air temperature and surface skin temperature.
The weighting functions show MODI S has limited sKill in retrieving boundary layer temperature
and moisture information. However, if alarge (e.g., greater than 5 °K) contrast exists between
the surface air temperature and surface skin temperature, information about the boundary layer
moisture structure can be retrieved with some success (see Figure 4). Increased sengtivity to
moisture can be seen in Figure 4 near the surface, particularly in the window channels (bands 29,

31, and 32).

2.2 Regression retrieval processing

A computationdly efficient method for determining temperature and moisture profiles
from satdlite sounding measurements uses previoudy determined Satistica relaionships
between observed or mode ed radiances and the corresponding atmospheric profiles. This
method is often used to generate a first-guess for aphysicd retrieva dgorithm, asisdonein the
International TOV S Processing Package (ITPP, Smith et a., 1993). The satistical regresson
agorithm for amospheric temperature is described in detail in Smith et. d. (1970), and is
summearized below for cloud-free skies.

The generd inverse solution of Eq. 2 for the atmaospheric profile can be written as (Smith
1970)

X =AY . ©®)



The gatigtical regresson agorithm seeks a“best-fit” operator matrix A that is computed
using least squares methods with alarge sample of atmospheric temperature and moisture

soundings, and collocated radiance observations. Minimizing the error

%T—A|AY- X[ =0, (6)
yields
A=(YYJYTX, (7)

where (Y TY) is the covariance of the radiance observations, and (YT X) is the covariance of the

radiance observations with the atmospheric profile.

Idedlly, the radiance observations Y would be taken from actua MODIS measurements
and used with time and space collocated radiosonde profiles X to directly derive the regression
coefficients A. In such an approach, the regression relationship would not involve any radiative
transfer calculations. However, radiosondes are routingly launched only two times each day at
0000 UTC and 1200 UTC simultaneoudy around the earth; Terra passes occur at roughly 1100-
1200 AM and 1000-1100 PM locd standard time each day. It istherefore not possible to obtain
many time and space collocated MODI S radiances. Alternatively, the regression coefficients can
aso be generated from MODI S radiances ca culated using a transmittance modd with profile
input from a globa temperature and moisture radiosonde database. In this approach, the
accuracy of the atmospheric transmittance functions for the various spectral bandsis crucid for
accurate parameter retrieval.

In the regression procedure, the primary predictors (Y in Eq.5) are MODI S infrared spectral
band brightness temperatures. The agorithm uses 12 infrared bands with wave engths between

4.465 nm and 14.235 mm. Surface emissvity effects in the short wave window bands are



mitigated by regressing againgt band differences (e.g., instead of BT(4.5 mm) and BT(4.4 mm)
we use the difference, BT(4.5 nm) - BT(4.4 nm) in the regression, where BT represents
brightness temperature). Estimates of surface pressure are aso used as predictors to improve the
retrieval. Table 3 ligsthe predictors and their noise used in the regression procedure. Quadratic
terms of dl brightness temperatures in Table 3 are also used as predictors to account for the non
linear relaionship of moisture to the MODI S radiances. The noise used in the agorithm is larger
than estimates of post-launch detector noise in order to account for variability between the ten
detectors (striping). The regression coefficients are generated for 680 loca zenith angles from
nadir to 65°, and various IR emissivity spectra are assigned to the training profiles to account for
varying surface properties in the regression procedure.

Inthe MODIS retrieva agorithm, agloba data set of radiosonde observations (the
NOAA-88b data s=t) is used in the cdculations. The original NOAA-88b data contains 7547
globdly digtributed clear sky radiosonde profiles of temperature, moisture, and ozone, dong
with observations of surface temperature and pressure. Additional radiosondes have been added
to this data set in the MODI S dgorithm, as described in section 3.3. The radidive transfer
caculation of the MODIS spectra band radiances is performed with the PFAAST model for
each profile from the training data set to produce a temperature-moisture-ozone profileMODIS
radiance pair. The estimated MODI S instrument noise is added to the calculated spectral band
radiances. The regression coefficients (see Eq.(7)) are then generated using these calculated
radiances and the matching atmospheric profile. To perform the regresson, Eq.(5) can be
gpplied to the actua MODIS measurements to obtain the estimated atmospheric profiles;
integration yieds the tota precipitable water or total column ozone. The advantage of this

gpproach isthat it does not need MODI S radiances collocated in time and space with
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amaospheric profile data; it requires only hitorica profile observations. However, it involves
the radiative transfer caculations and requires an accurate forward model in order to obtain a
reliable regresson rdationship. Any uncertainties (e.g., abias of the forward mode) in the
radiative calculations will influence the retrieval. To address mode uncertainties, radiance bias

adjustments have been implemented in the retrieval agorithm, as discussed in section 3.2,

2.3  Non-linear physical retrieval processing
The gatistica regression agorithm has the advantage of computationd efficiency,
numerica stability, and smplicity. However, it does not account for the physica properties of
the radiative transfer equation (RTE). After computing atimaospheric profiles from the regression
technique, a nonlinear iteraive physicd dgorithm (Li et d., 2000) goplied to the RTE often
improves the solution. The physical retrieva approach is described in this section.
The physica procedure is based on the regularization method (Li et d., 2000) wherein a

pendty function defined by

Y(X)=[v"- Y(X)||2 +g|X - X |f (8)
is minimized to improve the fit of the MODI S spectra band measurements to the regression firgt
guess. Inequation 8, X is the atmospheric profile to be retrieved, X, istheinitid sate of the
atmospheric profile or the first guess from regression, Y™ isthe vector of the observed MODIS
brightness temperatures used in the retrieval process, Y(X) isthe vector of caculated MODIS
brightness temperatures from an amospheric state ( X ), and g isthe regularization parameter
that can be determined by the Discrepancy Principle (Li and Haung, 1999; Li et d. 2000). The

solution provides a balance between MODI S spectral band radiances and thefirst guess. If a

radiative trandfer caculaion using the first guess profile asinput fits al the MODI S spectrd



band radiances well, less weight is given to the MODIS measurements in the non-linear iteration,
and the solution will be only adight modification of the first guess. However, if the first guess
does not agree well with the MODIS spectral band radiances, then the iterative physically
retrieved profile will be given alarger weight. Thus, the temperature, moisture, and ozone
profiles aswdll as the surface skin temperature will be modified in order to obtain the best
smultaneous fit to al the MODIS spectrd bands used. For more details, see Li et d. (2000).

A comparison between the regression-based firgt guess brightness temperatures and the
physicd retrieva brightness temperatures is presented in Figure 5. The root-mean squared
(RMYS) of observed minus retrieved brightness temperature decreases from the regression-based
guessto the physica retrieval. The most sgnificant improvement is gpparent in the window
bands 31 and 32, with the RMS decreasing from 1.0 °K to 0.57 °K (band 31, 11nm) and 1.28 °K
t0 0.78 °K (band 32, 12nm). When the RMSis computed for only moist cases with TPW greater
than 17 mm, the physical retrieva errors are reduced even further to 0.1 °K for band 31 and 0.18
°K for band 32.

The improvements evident in the radiance cdculations using the physical dgorithm are dso
gpparent in the retrieved products. For 20 clear-sky cases between April 1, 2001 and April 1,
2002 with ardatively moist atmosphere (TPW greater than 17mm), TPW computed by the
physicd retrieval and the regression retrieva were compared with that measured by the Southern
Great Plains (SGP) Atmospheric Radiation Measurement-Cloud and Radiation Testbed (ARM-
CART) microwave radiometer (MWR). On average over these cases there was improvement
from the physical over the Satidtical retrieva; the RMS of MWR minus MODI S decreased by

0.9 mm, to 2.9 mm for the physicd retrievd. Only moist cases were used in this comparison
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because the current physicd retrievd dgorithm has very little effect on dry cases, the moisture
sgnd iswesk in the MODIS IR radiance measurements for adry atmosphere.

In summary, anon-linear physical retrieval shows some improvement over aregresson
retrieval for MODIS retrievals. However, the physicd retrieval requires more computation time
and, like the regression used in the MODI S processing, is dependent on the accuracy of the

radiative transfer modd.

3. Operational mplementation

The operational MODIS retrieva agorithm conssts of severd procedures that include
cloud detection, averaging clear radiances from 5 by 5 fied-of-view (FOV) aress, bias
adjustment of MODI 'S brightness temperatures to account for forward modd and instrument
errors, regresson retrieva, and an option to perform aphysica retrieval. Because of computer
limitations, the MODIS MODO7_L 2 retrievad dgorithm that is operationl a8 GDAAC
processing system includes only the regresson retrieva. A version of the dgorithm with the
physicd retrieva will be available for MODIS direct broadcast processing as part of the
Internationa MODISAIRS Processing Package (IMAPP) developed at the Space Science and
Engineering Center (SSEC) at the University of Wisconsn-Madison

(http://cimss.ssec.wisc.edu/~gumley/IMAPPIIMAPP.html).

3.1  Cloud detection algorithm
MODI S atmospheric and surface parameter retrievals require clear sky measurements.
The operationa MODI S cloud mask dgorithm (Ackerman et a. 1998) is used to identify pixels

that are cloud free. The MODIS cloud mask agorithm determinesif agiven pixe isclear by



combining the results of severa spectrd threshold tests. A confidence level of clear ky for each
pixel is estimated based on a comparison between observed radiances and specified thresholds.
The operationd retrieval dgorithm requires at least 5 of the 25 pixelsin a5x5 fidd-of-view area
to have been assigned a 95% or greater confidence of clear by the cloud mask. Theretrieva for
each 5x5 fidd-of-view areais performed using the average radiance of those pixels that were
conddered clear. Since the decision to perform aretrieva depends on the validity of the cloud
meask agorithm, cloud contamination may occur if the cloud mask fails to detect a cloud, or the

retrieval may not be run if the cloud mask falsdy identifies acloud.

3.2  Radiancebiasadjustment in theretrieval processing

The forward model-cal cul ated radiances have biases with respect to the MODIS
measured radiances. There are severa possible causes including calibration errors, spectral
response uncertainty, temperature and moisture profile inaccuracies, and forward modd error.
The dtatigtical regression and the physical retrieval methods use both measured and calculated

radiances and thus reguire that this bias be minimized. Techniques developed for computing

GOES sounder radiance biases with respect to the forward modd (Hayden 1988) were employed

in the MODIS atmospheric profile dgorithm. Bias adjustment for radiative transfer caculation
of MODI'S spectra band radiances is demondtrated to have a positive impact on the atmospheric
product retrievas.

Radiance bias caculations are routinely computed for the SGP ARM-CART sitefor clear
scenes with MODI'S sensor zenith angle less than 35°. Observed MODI S radiances, averaged
from a 5x5 fidd-of-view area, were compared with those computed by the same transmittance

modd used in the dgorithm. The calculations of radiances were performed using the 101-level

14



PFAAST modd, with temperature and moisture profile input from Nationd Center for
Environmenta Prediction’s Globa Data Andyss Sysem (NCEP-GDAS) globa andysis data.
Skin temperature and emissivity estimates came from regresson with MODI S radiances. To
edtablish credibility for the regression-derived skin temperature input, actual observed skin
temperature from a ground-based downward-looking infrared thermometer (IRT) that measures
the radiating temperature of the ground surface
(http:/AMmww.arm.gov/docsingruments/static/irt.ntml) was also used. Figure 6 showsthéat, on
average over 63 clear-sky day and night cases from April 2001 to June 2002, the biases
computed using the regressionbased skin temperature differ very little from those computed
using the IRT skin temperature. A comparison of the two skin temperatures for the same cases
(Figure 7) shows reasonable agreement; the RM S of the IRT skin temperature minus MODIS
regression-based skin temperature is 1.7 °K, and the dope of alinear best-fit lineis 1.01.

Mosgt CART site MODI S radiance biases (observed minus calculated BT) shown in
Figure 6 are positive, indicating that, on average, the observed MODI S brightness temperatures
are warmer than those predicted by the model. Case-to-case variability for each spectra band
can be seen in Figure 8; the high variahility in the biases for band 27 isaresult of the sgnificant
detector-to-detector noise, or striping, that existsin the radiance data for this band.

A comparison of MODIS products at the SGP ARM-CART ste with and without the bias
correction (not shown) confirms a sgnificant improvement with the bias corrections. The RMS
for the CART ste MWR minus MODI S decreased from 4.9 mm to 3.6 mm when the bias
corrections were gpplied. The improvements were primarily apparent for moist cases where the
bias correction helped to correct adry bias. Because the MODIS retrievd adgorithm is gpplied

globdly, the biases computed at the SGP ARM-CART site are not appropriate for application at
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other latitudes and for other ecosystem types.  Thus, biases have been computed for other
regions of the globe; however, they are lesswell vdidated. Future versons of the agorithmwill
include a more advanced globa bias scheme that uses a regression based on air-mass predictors
(atmospheric layer thickness, surface skin temperature, and TPW) such as that employed on the
TIROS Operationa Vertica Sounder (TOVS) (Eyre 1992; Harris and Kelly, 2001).

To compute the global radiance biases, observed MODI S brightness temperatures were
compared with calculated brightness temperatures for 270 clear-sky scenes from June 2 - 5, 2001
with MODIS viewing zenith angle < 30°. Caculaions of brightness temperatures were
performed as outlined above with skin temperature estimated from regresson of MODIS
radiances. Asthere are known difficultiesin retrieving skin temperature and emissivity over the
desert, these cases were excluded from the globd averages. The globa biases are separated into
twelve groups: six laitude zones: north tropica (laitude 0° to +30°), south tropica (0° to -30°),
north mid-Iatitude (+30° to +50°), south mid-Iatitude (-30° to -50°), north polar (50° to 90°), south
polar (-50° to -90°), each for land and ocean. The average globa biases for north mid-latitude
land agree fairly well with the CART ste biases, the RMS of the MODIS-MWR TPW for 63
cases increased only 0.2 mm when using the globa north mid-|atitude biases instead of the
CART dtebiases.

The radiance bias corrections gpplied in the operational MODI S atmospheric retrieval
agorithm will be updated regularly to account for adjustmentsin the instrument cdibration and
improvements in the forward modd. In addition, the bias values may vary seasonally so the bias
corrections calculated from four daysin June may need to be updated. Averaging of 63 CART
Ste biases over ayear by month (Figure 9) indicates that in northern Oklahoma, there may be a

systematic annua variation in some bands. The water vapor band 27, for example, appears to
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have larger observed-calculated biases in late fall and winter. More cases are needed to

accurately determine the seasond variability of the bias corrections.

3.3  Adjustmentstothe NOAA-88b training data set

The NOAA-88b data set contains 7547 globally distributed clear ky radiosonde
observations and surface data from 1988. Profiles of temperature, moisture, and ozone and
surface data from this data set were used to compute the regression coefficients for the MODIS
detidticd retrieval. To limit the retrievas to training data with physica relevance to the
observed conditions, the NOAA-88b data was partitioned into seven zones based on the 11mm
brightness temperatures (BT11) caculated from the profiles. The seven zonesare BT11 < 245,
245-269, 269-285, 285-294, 294-300, 300-310, and > 310°K . When each Satistical retrieva is
performed, it uses only the subset of the training data corresponding to BT11.

After partitioning, there was insufficient training dataiin the NOAA-88b data set for the
very warm surfaces (the last two zones, BT11 > 300 °K). Figure 10 shows that many
measurements over the north African deserts had BT11 > 300°K. To addressthis problem, new
radiosonde data from the north African desert regions for January — December 2001 were added
to the training data set. 900 new radiosondes, spread equally through the twelve months, met the
criteria of relative humidity < 90% at each level and physicaly reasonable behavior up to
100hPa; profiles of temperature and moisture from these radiosondes were added to the NOAA-
88b data set. Figure 11 compares the 11nm brightness temperatures computed from the origina
NOAA-88b data set with those from the enhanced data set including the extra desert profiles.

Partitioning the BT 11 into seven zones and adding training dataimproves the MODIS

TPW retrievas, one example of such acaseis presented here. Radiance and true color



reflectance images from 20 August 2001 are shown in Figure 12. A large areaof clear ky exists
from Texas through Oklahoma and southeastern Kansas. Figure 13 compares GOES-8 TPW
with MODIS TPW from the old and new regressions, the new MODI S results compare better
with the GOES than the old. The areain Kansas and Oklahoma that shows the most
improvement has awarm BT11 that falswithin the highest two classes (see Figure 14). Thisis
congstent with results of other cases; the most significant improvements occurred for scenes

with BT11 in the two highest classes.

34  Surfaceemissvity for IR 4.5mm spectral bands

The infrared surface emissvity in the NOAA-88b training datais variable for different
atmospheric profiles, with amean of 0.95 for longwave IR bands (9 — 13 mm bands) and 0.85 for
shortwave IR bands; the standard deviation is 0.05 for both longwave and shortwave. 1n most
Stuations the training data set accounts for the globa emissvity variations. However, for some
regions such as the deserts of north Africa, the surface emissivity has the potentia to be
ggnificantly lower a 4 mm than at 11 mm (Sdlisbury and D’ Aria1992). Figure 15 shows
emissivity spectral measurements from data obtained through the NASA Jet Propulsion Lab's
spectrd library (http://speclib.jpl.nasa.gov) for two slicates commonly found in desert regions,
cycloslicates and tectosilicates. The emissivity at the 4.5 mm spectrd region is extremey low
for both minerds, indicating that emissvitiesin the desert may be aslow as 30-40%. Because
emissvitiesthislow are not included in the training deta s, the IR 4.4 mm and 4.5 nm (bands
24 and 25) were not accurately represented and the MODI S retrievals were excessively moist in
the desert regions. To remedy this problem, the difference between these two bandsis used asa

single predictor ingtead of using bands 24 and 25 independently; this subtraction removes most
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of the surface emissvity Sgnd in the regresson equation. Brightness temperature increments
for band 24, band 25, and the difference band 25 — band 24 with respect to emissivity are shown
in Figure 16. The BT difference between band 25 and band 24 is found to be much less sengtive

to the surface emissivity change than the BT of either band 24 or band 25 independently.

4, Validation of MODO7 products

Atmospheric retrievals from MODIS and other observing systems have been compared at
three spatid scaes: a) afixed point with ground-based measurements (SGP ARM-CART), b) the
continental scale with GOES sounder products, and c) the globa scae with retrievals from the

Specid Sensor Microwave/lmager (SSM/I) and Total Ozone Mapping Spectrometer (TOMS).

4.1  Comparison of MODI S temperature and moisture with ARM-CART observations
Specidized ingrumentation at the Southern Grest Plains (SGP) Atmospheric Radiation
Measurement-Cloud and Radiation Testbed (ARM-CART) in Oklahoma facilitates comparisons
of MODI S atmospheric products with other observations collocated in time and space. Terra
passes over the SGP CART daily between 0415-0515 UTC and 1700-1800 UTC. Radiosondes
are launched three times each day at approximately 0530, 1730, and 2330 UTC. Observations of
total column moisture are made by the microwave radiometer (MWR) every 40-60 seconds. An
additiona comparison is possible with the GOES-8 sounder (Menzdl and Purdom 1994; Menzel
et al. 1998) thet retrieves TPW hourly.
MODIS retrieved products were compared for 64 clear-sky cases from April 2001 to June

2002. Manud ingpection of visble and infrared images excluded any scenes with the possibility



of cloud contamination. MODIS sensor zenith angle was less than 50° to the CART sitefor all
cases.

TPW from MODI S regression retrievals, the GOES-8 sounder, radiosondes, and the
MWR are compared in Figure 17. MODI S shows genera agreement with the MWR for these
cases, GOES-8 sounder and radiosondes show better agreement with the MWR. The RMS
difference between MODIS and MWR TPW collocated in time and spaceis 3.6 mm for
regression retrievas, compared with 1.78 mm and 1.16 mm for GOES-8 and radiosondes,
respectively. For dry atmospheres, MODI S consgtently overestimates the total column
moisture; the average TPW bias (MODIS minus MWR) is approximately 3 mm for the 26 dry
cases with MWR TPW lessthan 10 mm. Stephens et d. (1994) observed similar behavior in
TOVStota column water vapor and attributed it to alimitation of low spectra resolution
infrared sounders in subsidence regions.

An example comparison of RAOB and MODI S temperature and moisture is shown in
Figure 18. For aimospheres with fairly monotonic, smooth temperature and moisture distribution
(Figure 18), MODI S retrievals compare well to radiosondes. However, in Stuations with
isolated layers of sharply changing temperature or moisture, MODI S is not able to capture the
finer-scae structure. Improved sounding capability is expected from the Atmospheric Infrared

Sounder (AIRS) on Aqua

4.2  Continental-Scale Comparisons between MODIS and GOES TPW
On the continental-scale, MODIS TPW was compared to GOES-8 and GOES-10 sounder
retrievals of TPW over the continenta United States and Mexico. GOES TPW has been well

validated (Schmit et d. 2002). GOES has aresolution at the sub-satdllite point of 10km and uses



radiances measured from a 3 by 3 fidd of view area (gpproximately 30 km resolution) to retrieve
one amospheric profile, while MODI'S has nadir resolution of 1km and usesa5 by 5 field of
view area (5 km resolution). Unlike the MODI S retrieval, GOES hourly radiance measurements
are supplemented with hourly surface temperature and moisture observations as additiona
informetion in the GOES retrieval. MODIS and GOES retrieva procedures also use different
first guess profiles; GOES uses anumerica modd forecast, while MODIS uses the previoudy
described regression retrievd.

Figure 19 compares MODIS TPW to TPW retrieved by the GOES-8 and GOES-10
sounders over North Americafor 02 June 2001 during the day and at night. The two show fairly
good agreement except the MODIS TPW retrieved by regression is drier than GOES over
Oklahoma, Arkansas, and the Gulf of Mexico. TPW retrieved by physcd retrieva shows better

agreement with GOES in these aress.

4.3  Global comparisonsof MODIS productswith SSMI and TOM S

Globa TPW from MODI S atmospheric retrievas is compared with TPW from the
Defense Meteorologica Satellite Program (DM SP) Specid Sensor Microwave / Imager (SSM/I)
(Alishouse, 1990; Ferraro, 1996; Wentz, 1997) for 22 May 2002 in Figure 20. The SSM/I
(resolution 12.5 km) retrieves products for clear or cloudy skies over ocean only, and uses the 22
and 37 GHz microwave channels. MODIS and SSM/I show similar patterns of TPW digtribution
and gmilar magnitudes, however MODI S retrievals are somewhat less moist over tropica
oceans. Some of the differences can be attributed to the fact that MODI S does not retrieve
cloudy pixdsand, thus, does not capture the moist environment around clouds. This can affect

the results even where MODI S retrieval s were performed since the retrieval only requires that 5
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of the 25 pixdsin a5x5 MODIS fidd-of-view area be clear. The remaining cloudy pixelsare
excluded, however the retrievd is ill performed using only the clear pixels. Other differences
may be attributed to the time differences between the two satellite overpasses,

MODIStotd column ozone retrievas are compared with ozone from the NASA/GSFC
Total Ozone Mapping Spectrometer (TOMS) (Bowman and Krueger 1985; McPeters et a. 1996,
1998) ozone measurements from the Earth Probe (EP) satellite for 22 May 2002 in Figure 21.
The generd didtribution of ozone from TOMSissmilar to that from MODIS. In order to predict
the evolution of ozone on time scales of afew days to aweek, reliable measurements of ozone
distribution are needed. However, the TOMS instrument measures backscattered ultraviol et
solar radiation and cannot provide measurements a night. High spatia resolution IR radiance

measurements a 9.6 mm from MODI S dlow 0zone estimates during both day and night.

5. Discussion

Retrieva accuracy, computation efficiency, and retrieva vaidation are very important
considerations when applying the operationa agorithm to real time MODI S data processing.
The accuracy of the retrievals depends on the actual calibration, navigation, and co-registration
in theinfrared band; the MOIDS is assumed to be cdibrated within the insrument noise,
navigated within one FOV, and co-registered within two tenths of a FOV. Severd sources of
errors must be addressed. Firdt, the forward mode! error can introduce error in the retrievals.
The forward model error may be due to the atmospheric transmittance caculation error since the
transmittance is computed by afast regresson procedure rather than by an accurate line-by-line
mode; it may be due to inaccurate or insufficient representation of the atmospheric temperature

and moidture profilesin the training data set; or it may be due to the surface uncertainties such as



surface elevation and emissvity. Improvement of the forward mode isimportant for deriving the
MODIS products with ahigh level of accuracy.

In addition to forward model errors, the MODIS instrument detector noise and cdibration
error (observation error) will have an impact on the retrieva accuracy. Large observation errors
will result in poor MODI S atmospheric products. Detector to detector differences in the spectral
response functions within a band have been shown to produce 0.5 to 1.0% differencesin

radiance measurements in the IR therma bands (http://mcstweb.gsfc.nasagov/caveats). Thisis

seen as detector gtriping (caled banding by some investigators) within ascene. Well-cdibrated
radiance measurements without (or with reduced) striping noise are expected to improve the
qudity of the MODI S atmospheric products presented in this paper. Cloud detection errors may
a0 have a negative impact on the retrieva products. Regions with cloud contamingtion in the
MODIS retrievals show eevated moisture and decreased temperature.

Computation efficiency is very important for operationa MODI S data processing.
Regresson isafast way to retrieve the atmospheric retrieval products, while the physica
retrieva will take more computation time. It is therefore not possible to apply both the
regresson and physica retrieval procedures to process globa MODIS data operationdly at the
DAAC. However, red time MODI S data received by direct broadcast MODI'S stations handle a
smaller amount of data and can apply both the regression and the physical retrieva processing
dgorithms.

One chdlengeis to maintain adequate globa training profiles so that the statistical
regression agorithm produces accurate stable aamospheric retrievas. A further chalengeisto

accommodate specia regions such as the Sahara where the surface characteristics are unique
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(very warm and dry, and the surface IR emissivity islower than other regions). The operationa

MODIS dgorithm is ill evolving in order to meet both of these chalenges.

6. Conclusions and future work

This paper describes the operationa atmospheric retrieva dgorithms for globa and
direct broadcast MODIS data processing. Because there are few time and space co-located
globa radiosonde observations and MODI S radiance measurements, aforward model is
employed in the retrieval procedure. Some issues regarding training profiles, noise performance,
forward model bias, norntunit surface emissvity over desert regions are addressed. Comparison
of MODIS TPW with ground-based instrumentation at the SGP ARM-CART Ste reveded that
MODIS agrees with the MWR with an RMS of 3.6 mm. The physicd retrievas show
improvements over the regression retrievals for moist cases. More comparisons with ground-
basad instrumentation are needed to obtain a complete assessment of the MODI S atmospheric
products. Future comparisons will include other ARM-CART gitesin the tropical western
Pecific and in Barrow, Alaska. On large scales, MODI'S products show good agreement in
gpatid distribution compared with GOES, SSM/I and TOMS.

Future work to improve the dgorithm will include enhancing the training profile database
with more radiosonde observations, particularly in polar areas that are under-represented.
Surface emissvity from agloba ecosystem database will be used in the training profilesto
improve both the regresson and physicd retrievals. Improvements to the radiance bias
corrections are dso planned, including adding a seasond variation to the globa radiance vaues.
Therdatively high level of noise due to non-uniform detector-to- detector response (striping) will

be investigated for possible reduction.
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TerraMODI S dgorithms have been adapted to the second MODI S instrument that was
launched on the Aqua platform on 4 May 2002. The new platform will double the frequency of
globa coverage and dlow for more congstent monitoring of temperature, moisture, and ozone.
In addition, retrievals based on a combination of MODIS and AIRS radiances from Aquawill be
investigated to take advantage of the high spectrd resolution of AIRS and the high spatiad

resolution of MODIS.
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Table 1. MODIS Technica Specifications, from http://modis.gsfc.nasa.gov/about/specs.html.
Table 2. MODIS Band Specifications, from hitp://modis.gsfc.nasa.gov/about/specs.html.

Table 3. Predictors and their uncertainty used in the regression procedure

Figure 1. MODIS infrared spectra response functions (numbered by MODI'S band) and nadir
viewing brightness temperature spectrum of the U.S. Standard Atmosphere computed by
LBL-RTM.

Figure 2. Temperature weighting functions for the MODIS IR bands 20-25, 27-36.

Figure 3. The water vapor mixing ratio weighting functions for the MODIS IR bands 20-25, 27-
36.

Figure 4. The water vgpor mixing ratio weighting functions for the MODIS IR bands 20-25, 27-
36 for a standard atmosphere except with skin temperature 5°K greater than the surface
ar temperature.

Figure 5. Comparison of RMS (°K) for MODIS bands 24, 25, 27-29, and 31-36 for observed
minus regression retrievd brightness temperatures (blue lines) with observed minus
physicd retrieval brightness temperatures (red lines). For reference, the instrument
gpecification NEAT is shown in black. The top pand shows the average RM S for 43
clear-sky cases between 01 April 2001 and 01 December 2001. Each case was located at
36.6° latitude and —97.5° with a sensor zenith angle less than 50°. The bottom panel
shows the average RM S for only those cases with regression-based TPW greater than 17
mm.

Figure 6. Average (Observed-Calculated) brightness temperature for MODIS IR bands 24, 25,



27-29, and 31-36 from 63 clear sky cases at the SGP ARM-CART dte from April 2001
to June 2002. Red bars indicate radiance calculations used skin temperature observed by
the IRT; regression-derived skin temperature was used for the calculated radiances in the
blue bars. No biasis computed for band 30 because of insufficient ozone observations
for input to the forward modd!.

Hgure 7. Comparison of skin temperature computed by MODI S regression (y-axis) with thet
observed by the SGP-CART IRT (x-axis) for the same cases used in Figure 6. The blue
line shows alinear best fit.

Figure 8. Cdculated vs. observed brightness temperatures for each MODIS IR band used in the
retrieval dgorithm. Each dot represents one of the 63 CART cases used in Figures 6 and
7.

Figure 9. Average monthly observed — calculated brightness temperature biases for 63 cases at
the SGP ARM-CART gte from April 2001 to June 2002. Biasesfor MODI S bands
24,25, and 27-29 are shown in the top pand and bands 31-36 in the bottom panel.

Figure 10. Histogram of actud MODIS 11mm brightness temperature observed in four granules
from 2 June 2001 over the north African deserts (top), and computed from a forward
model caculation using the origind NOAA-88b training profiles and surface data as
input (bottom).

Figure 11. Frequency of occurrence of 11mm brightness temperature in the origind NOAA-88b
training data st (blue) and the extended training data set including the additiond desert
radiosondes (red).

Figure 12. MODIS images from 20 August 2001 1729-1942UTC. Left: True color usng
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MODI S reflectance from bands 1, 4, 3 asred, green, and blue, respectively; Right:
MODIS band 31 radiance. Images obtained from University of Wisconsn-Madison's
direct broadcast (http://eosdb.ssec.wisc.edu/modisdirect/).

Figure 13. Tota precipitable water (mm) from August 20, 2001 retrieved from GOES-8 (l€ft),
new operational MODI S (center), and MODIS without the 11mm brightness temperature
zones (right). The MODIS granule began at 1735 UTC and GOES a 1800 UTC.

Figure 14. 11nmm brightness temperature broken down into the same seven zones used in the
retrieval agorithm for the same case asin Figure 13. The aress that show the most
improvement in the comparison in Figure 13 are in the warmest two brightness
temperature classes.

Figure 15. Emissvity spectra measurements (%) from data obtained through the NASA Jet
Propulsion Lab's spectrd library (http://speclib,jpl.nasa.gov) for two slicates commonly
found in desert regions, cycloslicates (black line) and tectoslicates (red line).

Figure 16: Brightness temperature increment (°K) for bands 24 and 25 individudly (dash-dot and
dash, respectively) and for the difference between bands25-24 (solid line). Caculetions
used a standard U.S. mid-latitude summer atmosphere.

Figure 17. Comparison of TPW from MODIS regression (red dot), GOES-8 (blue diamonds),
and radiosonde (black cross) with the SGP ARM-CART microwave radiometer (MWR)
in millimeters. 64 cases from April 2001 to June 2002 are shown in the comparison. The
dotted line shows a one-to-one correspondence.

Figure 18. Comparison of temperature (l€ft, °K) and mixing ratio (right, g/kg) on 01 August
2001 from the average of 9 MODIS profilesin a 3x3 retrieval area surrounding the SGP

ARM-CART gteat 1705 UTC (blue), and aradiosonde launched at 1728 UTC (black).
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In this situation where the temperature and moisture profiles are smooth, MODIS
captures the vertica structure fairly well.

Figure 19. Totd precipitable water (mm) for 02 June 2001 over North Americaretrieved by
MODIS regression (left), MODIS physical (center), and GOES-8 and GOES-10
(combined, right). The top column shows daytime retrievas (4 MODI S granules from
1640, 1645, 1820, 1825 UTC; GOES at 1800UTC), and the bottom column nighttime
(MODIS 0435, 0440, 0445, 0615, 0620 UTC; GOES 06 UTC). The dight discontinuity
vigble in Oklahomain the MODI S daytime retrievals occurs where granules from the
two subsequent overpasses, separated by 1 hour and 40 minutes, intersect.

Figure 20. MODIS TPW (mm, upper pand) and SSM/I f-14 TPW (mm, lower panel)
digtribution on 22 May 2002. Retrievds from ascending and descending passes were
averaged to obtain these values. The color scaleis the same for both MODIS and SSM/I
and is shown below the two images. SSM/I data were obtained through
http://mww.ssmi.com. MODI S data was degraded to 25 km resolution from the origina 5
km resolution for thisfigure.

Figure21. Tota column ozone (Dobson units) for 22 May 2002 for MODI S (top) and TOMS

(bottom). TOMS data was obtained from http://toms.gsfc.nasa.gov/ozone/ozone.html.



Table 1. MODIS Technicd Specifications, from http://modis.gsfc.nasa.gov/about/specs.html.

Orhit: | 705 km dtitude, sun-synchronous, 10:30 am. descending node
Scan Rate: | 20.3 rpm, cross track
Swath Dimengions. | 2330 km (cross track) by 10 km (along track at nadir)
Quantization: | 12 hits
Spatid Resolution: | 250 m (bands 1-2), 500 m (bands 3-7), 1000 m (bands 8-36)

Table 2: MODIS Band Specifications, from http://modis.gsfc.nasa.gov/about/specs.html.

Primary use Band Bandwith Spectral Required SNR
radiance’
Land/Cloud/Aerosols Boundaries 1 620-670 21.8 128
2 841-876 24.7 201
Land/Cloud/Aerosols Properties 3 459-479 35.3 243
4 545-565 29.0 228
5 1230-1250 54 74
6 1628-1652 7.3 275
7 2105-2155 1.0 110
Ocean Color/ Phytoplankton 8 405-420 44.9 880
/Biogeochemistry 9 438-448 41.9 838
10 483-493 321 802
11 526-536 27.9 754
12 546-556 21.0 750
13 662-672 9.5 910
14 673-683 8.7 1087
15 743-753 10.2 586
16 862-877 6.2 516
Atmospheric Water V apor 17 890-920 10.0 167
18 031-941 3.6 57
19 915-965 15.0 250
Primary use Band | Banwith Spectral Required NEDT*
radiance’ (K)
Surface Temperature 20 3.660-3.840 | 0.45 (300K) 0.05
21 3.929-3.989 | 2.38(335K) 2.00
22 3.929-3.989 | 0.67 (300K) 0.07
23 4.020-4.080 | 0.79 (300K) 0.07
Temperature profile 24 4.433-4.498 0.17 (250K) 0.25
25 4.482-4549 | 0.59 (275K) 0.25
Cirrus Clouds/water vapor 26 1.360-1.390 6.00 150 (SNR)
27 6.535-6.895 1.16 (240K) 0.25
28 7.175-7.475 | 2.18 (250K) 0.25
29 8.400-8.700 | 9.58 (300K) 0.05
Ozone 30 9.580-9.880 | 3.69 (250K) 0.25




Primary use Band Bandwith" Spectral Required SNR®
radiance?

Surface Temperature 31 10.780-11.280 | 9.55 (300K) 0.05

32 | 11.770-12.270 | 8.94 (300K) 0.05
Temperaure profile 33 | 13.185-13.485 | 4.52 (260K) 0.25

34 | 13.485-13.785 | 3.76 (250K) 0.25

35 | 13.785-14.085 | 3.11 (240K) 0.25

36 | 14.085-14.385 | 2.08 (220K) 0.35

1 Bands 1 to 19 are in nm, and bands 20 to 36 are in nm; “ Spectra Radiance values are (W m?
stmm?); 3 SNR = Signa-to-noiseratio; * NEDT = Noise-equivaent temperature difference

Table 3: Predictors and their uncertainty used in the regression procedure

Predictor Noise used in MODOQ7 Post-launch NEdT averaged over
agorithm detectors
Band 25-24 BT 0.75°K 0.163°K (band 24)
(4.47 — 4.52mm) 0.086 °K (band 25)
Band 27 BT 0.75°K 0.376 °K
(6.7mm)
Band 28 BT 0.75°K 0.193°K
(7.3mm)
Band 29 BT 0.189°K 0.189°K
(8.55nm)
Band 30 BT 0.75°K 0.241°K
(9.73nm)
Band 31 BT 0.167°K 0.167 °K
(11rmm)
Band 32 BT 0.192°K 0.192°K
(22rmm)
Band 33 BT 0.75°K 0.308 °K
(13.3mm)
Band 34 BT 0.75°K 0.379°K
(13.6nm)
Band 35 BT 0.75°K 0.366 °K
(13.9mm)
Band 36 BT 1.05°K 0.586 °K
(14.2nm)
Surface Pressure 5 hPa --
L atitude 0.001° --
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Figure 1. MODIS infrared spectral response functions (numbered by MODI S band) and nadir
viewing brightness temperature spectrum of the U.S. Standard Atmosphere computed by LBL-

RTM.
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Figure 2: Temperature weighting functions for the MODIS IR bands 20-25, 27-36.
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Figure 3: The water vgpor mixing ratio weighting functions for the MODIS IR bands 20-25, 27-

36.
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Figure 4: The water vgpor mixing ratio weighting functions for the MODIS IR bands 20-25, 27-
36 for a tandard atmosphere except with skin temperature 5°K greater than the surface air

temperature.
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Figure 5. Comparison of RMS (°K) for MODI S bands 24, 25, 27-29, and 31-36 for observed
minus regression retrieva brightness temperatures (blue lines) with observed minus physica
retrieval brightness temperatures (red lines). For reference, the instrument specification NET is
shown in black. The top panel showsthe average RM S for 43 clear-sky cases between 01 April
2001 and 01 December 2001. Each case was located at 36.6° |atitude and —97.5° with a sensor
zenith angle lessthan 50°. The bottom panel shows the average RM S for only those cases with

regression-based TPW greater than 17 mm.
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Figure 6: Average (Observed- Calculated) brightness temperature for MODIS IR bands 24, 25,
27-29, and 31-36 from 63 clear sky cases at the SGP ARM-CART stefrom April 2001 to June
2002. Red barsindicate radiance caculations used skin temperature observed by the IRT;
regression-derived skin temperature was used for the calculated radiances in the blue bars. No
biasis computed for band 30 because of insufficient ozone observations for input to the forward

modd.



Camparizon of MODIS Regression—Based Skin T with IRT Skin T Observed at the SGP-CART Site
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Figure 7: Comparison of skin temperature computed by MODIS regression (y-axis) with that
observed by the SGP-CART IRT (x-axis) for the same cases used in Figure 6. The blue line

shows alinear best fit.
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Figure 8: Caculated vs. observed brightness temperatures for each MODIS IR band used in the

retrieval algorithm. Each dot represents one of the 63 CART cases used in Figures6 and 7.
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Figure 9: Average monthly observed — caculated brightness temperature biases for 63 cases a

the SGP ARM-CART site from April 2001 to June 2002. Biasesfor MODIS bands 24,25, and

27-29 are shown in the top panel and bands 31- 36 in the bottom pand.
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Figure 10. Histogram of actud MODIS 11mm brightness temperature observed in four granules
from 02 June 2001 over the north African deserts (top), and computed from a forward mode

caculaion usng the origind NOAA-88b training profiles and surface data as input (bottom).
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Figure 11. Freguency of occurrence of 11mm brightness temperature in the original NOAA-88b
training data st (blue) and the extended training data set including the additiona desert

radiosondes (red).

Figure 12. MODISimages from 20 August 2001 1729-1942UTC. Left: True color using

MODIS reflectance from bands 1, 4, 3 as red, green, and blue, respectively; Right: MODIS band
31 radiance. Images obtained from Universty of Wisconsn-Madison's direct broadcast

(http://eosdb.ssec.wisc.eduw/modi sdirect/).
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Figure 13. Tota precipitable water (mm) from 20 August 2001 retrieved from GOES-8 (€ft),
new operationd MODIS (center), and MODIS without the 11mm brightness temperature zones

(right). The MODIS granule began at 1735 UTC and GOES at 1800 UTC.

Out of
Fange

=310

300-310

294300

285-2494

269-285

245-2649

< 245

Figure 14. 11rmm brightness temperature broken down into the same seven zones used in the
retrieva dgorithm for the same case asin Figure 13. The areas that show the most improvement

in the comparison in Figure 13 are in the warmest two brightness temperature classes.
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Figure 15: Emissvity spectra measurements (%) from data obtained through the NASA Jet
Propulsion Lab's spectrd library (http://speclib.jpl.nasa.gov) for two slicates commonly found

in desert regions, cycloslicates (black line) and tectosilicates (red line).
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Figure 16: Brightness temperature increment (°K) for bands 24 and 25 individually (dash-dot and

dash, respectively) and for the difference between bands 25-24 (solid line). Cdculations used a

gandard U.S. mid-atitude summer atimosphere.
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Figure 17. Comparison of TPW from MODIS regression (red dot), GOES-8 (blue diamonds),
and radiosonde (black cross) with the SGP ARM-CART microwave radiometer (MWR) in
millimeters. 64 casesfrom April 2001 to June 2002 are shown in the comparison. The dotted

line shows a one-to-one correspondence.
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Figure 18. Comparison of temperature (left, °K) and mixing ratio (right, g/kg) on 01 August
2001 from the average of 9 MODI S profilesin a 3x3 retrieva area surrounding the SGP ARM-
CART dteat 1705 UTC (blue), and aradiosonde launched at 1728 UTC (black). Inthis
gtuation where the temperature and moisture profiles are smooth, MODI S captures the vertica

dructure fairly well.
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Figure 19. Totd precipitable water (mm) for 02 June 2001 over North Americaretrieved by
MODIS regression (left), MODIS physica (center), and GOES-8 and GOES-10 (combined,
right). The top column shows daytime retrievas (4 MODI S granules from 1640, 1645, 1820,
1825 UTC; GOES at 1800UTC), and the bottom column nighttime (MODI S 0435, 0440, 0445,
0615, 0620 UTC; GOES 06 UTC). The dight discontinuity visible in Oklahomain the MODIS
daytime retrievas occurs where granules from the two subsequent overpasses, separated by 1

hour and 40 minutes, intersect.
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Figure 20. MODIS TPW (mm, upper pand) and SSM/I f-14 TPW (mm, lower panel)
digtribution on 22 May 2002. Retrievas from ascending and descending passes were averaged
to obtain these values. The color scale is the same for both MODIS and SSM/I and is shown
below the two images. SSM/I data were obtained through http://mww.ssmi.com. MODIS data

was degraded to 25 km resolution from the origind 5 km resolution for thisfigure.
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Figure21. Tota column ozone (Dobson units) for 22 May 2002 for MODIS (top) and TOMS

(bottom). TOMS data was obtained from http://toms.gsfc.nasa.gov/ozone/ozone.html.
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